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ABSTRACT

ABSCISSION IN COLEUS: HORMONAL AND ENZYMATIC CONTROL
MAY 1994
YALAI WANG, B.S., SHAANXI TEACHERS’ UNIVERSITY, CHINA
M.S., HUANAN TEACHERS’ UNIVERSITY, CHINA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Lyle E. Craker

Hormonal and enzymatic factors are major elements in the control of the
abscission process. In this study, the roles of indole-3-acetic acid (IAA, auxin), one of
the most important hormones, and cellulase (fl-l,4-glucan 4-glucanohydrolase, EC
3.2.1.4), the major enzyme involved in abscission process, were studied in coleus

(Coleus Blumei Benth cv. Ball 2179 Red).
An evaluation of leaf loss in greenhouse grown plants suggested that abscission
occurred more at the branches located deep in the plant canopy and started from the
oldest node. This pattern of abscission may be related to a decline in red light and in the
ratio of red to far-red light within the canopy, resulting in a decrease in auxin synthesis
in plant tissues located deep in the canopy. If light was eliminated, abscission of leaf or
petiole explants was dependent on an auxin gradient across abscission zones at old nodes.
Studies on auxin movement indicated that auxin transport in young tissue was faster than
in old tissue. Differences in auxin transport between young and old tissue would induce
differences in the auxin gradient for young and old nodes. While the abscission pattern
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was influenced by this gradient, tissue age was also important in the level of response
to the gradient. Older nodes were more sensitive to auxin gradient than younger nodes.
Leaf abscission at old nodes appeared controlled by an auxin gradient.
Studies on cellulase indicated that the majority of cellulase activity from leaf
abscission zones of coleus could be extracted by phosphate buffer containing no salt,
suggesting a difference in the active form of the cellulase in abscission zone of coleus
from the previously reported cellulase in the abscission zone of bean (Phaseolus vulgaris
L. cv. Red Kidney) plants. Coleus cellulase has an isoelectric point of 4.7 and is present
only in abscising tissue.

A time-course study of abscission and cellulase activity

indicated that an increase in cellulase activity is associated with abscission.

Ethylene

promoted cellulase activity whereas IAA inhibited activity in abscission zones compared
with the activity in untreated controls, consistent with the effects of ethylene and IAA on
abscission.

By native polyacrylamide gel electrophoresis (PAGE), two cellulase

isozymes were identified, both of which appeared necessary for abscission.
Cellulase from abscission zones of coleus was further purified by a combination
of gel filtration, and anion exchange and affinity chromatography. Both silver-stained
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and cellulase
activity-stained native PAGE exhibited 2 bands of purified protein, suggesting two
isozymes.

The 2 proteins with molecular weights of 56 and 62 kD were apparently

monomers. A test of cellulase activity indicated high levels of activity at pH 5 and pH
7.2.

Cellulase activity increased with increase in reaction temperature to 50 °C.

Purified cellulase showed no activity towards insoluble cellulose.
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CHAPTER 1
INTRODUCTION

1.1 Abscission in higher plants: Phenomena and habits

Abscission exists widely in the plant kingdom with highly variable appearances,
responsible for the separation of single cells in yeast to the shedding of large organs such
as leaves, flowers, and fruits in higher plants. In higher plants, the fundamental and
essential element of abscission, cell separation, is restricted to the abscission zone, a
plane of specialized tissue between the organ to be rejected and the main plant. During
the abscission process, a separation layer forms inside the abscission zone and the cell
walls in this layer are targeted by hydrolytic enzymes secreted in situ.

A slow,

synchronized breakdown of cell walls occurs in the separation layer, and the tissue finally
fractures leading to a complete separation of the abscission organ from the plant [Sexton
and Roberts, 1982].
Abscission is explained as a typical continuation of plant growth and development.
Plants generally abscise their organs at maturity or following senescence of the organ.
Recycling and redistribution of nutrients from the senescent organ to vigorously growing
1

plant tissues immediately before abscission of the organ is noted in many species
[Addicott, 1982].

Plants also utilize abscission for vegetative propagation and seed

dispersal. The precise control for onset of abscission has been an important factor in
maintaining homeostasis in plants.

Under adverse conditions, abscission of excess,

injured, or infected organs facilitates survival of individuals by reduction of nutrient
competition and prevention of disease spread [Addicott, 1982].
Despite the wonderful mechanism for abscission in the nature, the abscission
habits of cultivated plants are rarely expressed to the complete satisfaction of farmers.
The timing of abscission is of major importance to production and harvest of many
agricultural crops. Crop can be lost by premature shedding during plant development
or at time of harvesting. In practice, acceleration of abscission (defoliation, flower and
fruit thinning) or prevention of abscission (inhibition of premature leaf shedding and
preharvest fruit drop) may benefit growers by increasing production of economical crops
and prolonging duration of ornamental flowers.

The understanding of abscission,

therefore, affords prospects for control of organ shedding in a wide range of
economically important plants.

1.2 Plant hormones and leaf abscission: Physiological aspects

Although environmental factors such as light, heat, and drought appear to be
causative factors for abscission, research in physiological factors essential to the process
has been focused on a change in hormone levels of abscission zone tissue [Sexton and
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Roberts, 1982]. Among the five groups of plant hormones, auxin and ethylene have been
demonstrated as most important for abscission [Addicott, 1970]. In favorable conditions,
abscission is inhibited by high concentration of auxin from the organ distal to the
abscission zone. When an organ degenerates physiologically, a large decline in auxin
and an increase in ethylene occurs leading to a abscission [Addicott, 1982]. Apparently,
environmental factors, such as light, influence abscission by controlling auxin levels at
the abscission zone [Mao et al.y 1989].
Auxin is produced mostly in leaf blades and growing buds, and its translocation
from leaf and bud to abscission zone cells must occur in order to affect the abscission
[Ramina et al.y 1986; Suttle, 1988]. A key role for auxin in the natural abscission is
supported by observations that a continuous polar transport of auxin from a leaf blade
exposed to red light is apparently responsible for maintenance of cell integrity in the
subtending abscission zone [Mao et al., 1989].

Addicott et al. [1955] proposed that

auxin regulated abscission through an auxin gradient where abscission would or would
not occur depended on a relatively high auxin concentration on the proximal or distal side
of the abscission zone, respectively. Auxin transported from the leaf and approaching
the abscission zone from the distal side would tend to delay abscission.

In contrast,

auxin moving down the stem would tend to accelerate leaf abscission.
Although the auxin gradient theory was based mainly on the results of
experimentation in which exogenous application of auxin to the distal side inhibited
abscission, and to the proximal side of abscission zone promoted abscission [Addicott,
1982], further evidence on the effect of endogenous auxin is needed.
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Rate of auxin

transport various with tissue age. Young tissue transports auxin faster than older tissue
[McCready and Jacobs, 1963; Veen and Jacobs, 1969]. This transport difference, in
addition to the difference in auxin synthesis ability in young and old tissue [Allen and
Barker, 1980], would alter the auxin gradient across the abscission zone of individual
petioles and may control abscission of old leaves.

How auxin gradient is built and

maintained in plants and how it affects the abscission process remains unclear.

1.3 Hvdrolvtic enzyme and leaf abscission: Biochemical aspects

Activation of cell wall hydrolytic enzymes in the abscission zone is a necessary
event immediately before abscission [Morre, 1968].

Some enzymes such as pectin

methyl esterase [Osborne, 1968], cellulase [Reid et al., 1974] and polygalacturonase
[Greenberg et al., 1975] are involved in the abscission process. Among those, cellulase
(fi-l,4-glycan 4-glucanohydrolase EC 3.2.1.4) is the most important enzyme for cell
separation in cotton [Abeles, 1969], orange [Goren and Huberman, 1976], coleus
[Abeles, 1969], bean [Horton and Osborne, 1967], and other species [Sexton and
Roberts, 1982]. Cellulase breaks down cellulose — the major constituent of primary cell
wall — into small pieces so that the physical strength between cells decreases and the
tissue fractures [Sexton and Robert, 1982].
A series of studies on cellulase in Red Kidney bean (Phaseolus vulgaris L.) leaf
abscission zones has indicated at least two major isozymes, one with an isoelectric point
(pi) of 4.5 and the second with an pi of 9.5 [Reid et al., 1974, Lewis et al., 1970]. The
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acidic form (pi 4.5), which is present throughout the whole plant, particularly in young
expanding tissue, appears active in cell wall growth [Durbin et al., 1981]. The activity
of pi 4.5 cellulase in abscission zones seems unrelated to abscission in bean as the
activity remains constant during abscission [Reid et al., 1974]. In contrast, the basic
form of cellulase (pi 9.5) is confined to the abscission zone and is closely related to cell
wall hydrolysis and abscission [Reid et al., 1974, Sexton et al., 1980]. The activity of
pi 9.5 cellulase isozyme increases in the abscission zones just before abscission and
therefore is known as the abscission cellulase.
Although abscission cellulase has been identified in bean plants, studies on
cellulase in abscission zones of other plants are rare.

Previous research in Craker’s

laboratory at the University of Massachusetts has indicated that the synthesis of auxin in
leaves exposed to red light regulates the cellulase activity in the abscission zone of coleus
[Mao et al., 1990].

The form of cellulase controlled via light-regulated auxin

production, however, has not been identified.
This study consisted of two parts. First, the roles of light and tissue age in leaf
abscission and their relations to auxin regulation of abscission were explored. Second,
Form of active cellulase in abscission zones of coleus was identified, purified, and
characterized.
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CHAPTER 2

LITERATURE REVIEW

2.1 Anatomy of leaf abscission and dynamics of cell wall degradation

2.1.1 Abscission zone and separation layer
Abscission occurs as a loss of adhesion between living cells.

This process

involves wall breakdown and cell separation within the abscission zone. In leaves, the
abscission zone is at the base of the petiole where it joins the stem. In compound leaves,
the leaflet abscission zone is located at the point of attachment of the leaflet to the leaf
stalk. When a pulvinus is present, the abscission zone lies at the junction of the pulvinus
and the supporting tissue [Addicott, 1982].
Abscission zones are composed of 5 to 50 tiers of cells in a complete layer across
the tissue supporting the abscising organ from the main plant frame [Sexton and Roberts,
1982]. Abscission zone cells can be recognized by their small sizes [Sexton and Roberts,
1982], small intercellular spaces [Osborne and Sargent,

1976], dense cytoplasm

[Webster, 1973a], highly branched plasmodesmatas [Webster, 1973b; Osborne and
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Sargent, 1976], and large deposits of starch [Gilliland et al., 1976].

The "juvenile"

characteristics of the abscission zone cell are proposed as an adaption to facilitate the
separation process [Addicott, 1982] since small isodiametric cells of the abscission zone
are less interlocked than the larger elongated cells in the adjacent tissue, making
separation easier [Kendall, 1918].
The concept that the abscission zone is the zone of weakness has been supported
by the observation that structural elements such as lignified fibers, sclerenchyma, and
stone cells are less in the abscission zone than in adjacent tissue [Addicott, 1965; Stosser

et al., 1969; Webster, 1968; Webster, 1973a]. This is, however, not the case during
most of the life time of an organ.

The increased development of collenchyma

compensates for the decreased lignified tissue and maintains the abscission zone in a
physically strong state [Sexton and Roberts, 1982].

Only when abscission is induced

does the abscission zone become weak as the collenchyma walls are degraded more
readily by enzymatic hydrolysis than lignified walls.
Cell separation does not occur throughout the entire abscission zone, and in most
cases is confined to 1 to several cell separation layers at the distal end of the abscission
zone. In some studies, the separation layer was distinguished from the remaining cells
in the abscission zone by dense cytoplasm and large nuclei [Yampolsky, 1934; Facey,
1950]. Wong and Osborne [1978] observed that the separation cells in uninduced flower
bud abscission zone of Ecballium could be identified by the endoreduplicated DNA.
Other workers [Lloyd, 1927; Sexton, 1979], however, indicated that identification of
separation cells in uninduced materials is impossible.

9

2.1.2 Time course of abscission
The introduction of a breakstrength for the abscission zone region has provided
the techniques for determining when weakening of cells occurs after induction of
abscission [Craker and Abeles, 1969a]. The time course of abscission has been divided
into a lag phase (when no decrease in breakstrength was noted) and a separation phase
(when breakstrength deceases rapidly) [Rubinstein and Leopold, 1963; Rubinstein and
Leopold, 1964] although exceptions also have been reported [Mont, 1968]. The time
course varies for different plant species, organs, and developmental stage. In leaves, 10
to 48 hours are usually required for the whole abscission process to occur, with the
separation phase accounting for about 9 to 24 hours [Abeles et al., 1971; De la Fuente
and Leopold, 1969; Durbin et al., 1981; Sexton, 1979].

2.1.3 Biochemical and ultrastructural change during lag phase
Early observations indicated an increase in cell division in the separation layer
after induction of abscission [Brown and Addicott, 1950; Cams, 1966; Halliday and
Wangermann, 1972; Webster, 1968; Webster, 1973a]. Further studies suggest, however,
that cell division is not necessary and does not occur in many species [Gawadi and
Avery, 1950; Jaffe and Goren, 1979; Morris, 1964]. The most obvious change near the
end of the lag phase is an accumulation of cytoplasm and organelles in the separation
layer [Bomman et al., 1966; Valdovinos et al., 1972].
A dramatic increase in the incorporation rate of labeled amino acids and
nucleotides into protein and RNA suggests synthesis of protein and RNA in the lag
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phase.

Application of protein synthesis inhibitor, particularly cycloheximide, inhibits

abscission. Proteins synthesized during the lag phase are, thus, essential for separation
of cells [Abeles, 1968; Abeles et al., 1971; De la Fuente and Leopold, 1969; Greenberg
et al., 1975; Hanisch Ten Cate et al., 1975; Henry et al., 1974; Mont, 1968; Pollard
and Biggs, 1970; Ratner et al., 1969; Riov, 1974; Stosser, 1971]. Actinomycin D and
other transcriptional inhibitors, however, are not as effective as protein synthesis
inhibitors for blocking abscission [Abeles, 1968; Abeles et al., 1971; Ratner et al.,
1969], and in fact no effect from these inhibitors has been noted in some cases [Hanisch
Ten Cate et al., 1975; Henry et al., 1974; Pollard and Biggs, 1970; Riov, 1974].
Nevertheless, researchers still agree that de novo synthesis of mRNA and proteins in
separation layers are required before abscission. Proteins synthesized during lag phase
are mostly enzymes, particularly hydrolysases, that bring about cell separation.
Cells also undergo some cytological changes during the lag phase of abscission.
The nuclei enlarge and become conspicuous [Wilson and Hendershott, 1968].

A

considerable increase in endoplasmic reticulum [Jenson and Valdovinos, 1968; Sexton
and Hall, 1874] provides sites for high rates of protein synthesis.

Increases in the

number of dictyosomes, the size of the dictyosome cistemae, and the number of
dictyosome vesicles appear to be significant at the subcellular level [Sexton, 1976; Sexton
and Hall, 1974]. Small vesicles, derived from the dictyosomes and containing cell wall
degrading enzymes, have been observed to be nearly continuous with the plasmalemma
and destined for release into the paramural region.

In the meantime, the number of

mitochondria increases [Gilliland et al., 1976]. Starch deposits increase conspicuously
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in the abscission zone as abscission approaches, but largely disappear by the time of
separation [Addicott, 1982].
Other changes occurring in the lag phase of the abscission process are cell
enlargement along the axis of the petiole in the abscission zone region.

Differential

expansion of cells prior to abscission may generate shear forces across the cell walls in
the abscission zone [Leopold, 1967].

2,1,4 Cell wall degradation during separation phase
Separation of cells in the abscission zone results from degradation of the middle
lamella and cellulose in the cell wall.

Several researchers [Hanisch Ten Cate et al.,

1975; Morrfc, 1968] note that the solubilization of pectins in the separation layers
correlates with the decline of breakstrength and that the soluble pectins readily leach
from the zone.

Pectin methyl esterase (PME) is implicated in this process.

Osborne

[1968] demonstrated that the activity of PME decreases dramatically during abscission
of bean explants and suggested that the high levels of PME maintained the wall pectin
in an insoluble, deesterified form. As PME decreases, the proportion of soluble highly
methylated pectin increases and causes a loss of cell adhesion. A similar correlation was
observed in coleus [Moline et al., 1972] and Nicotiana [Yager, I960]. The involvement
of PME in abscission is, however, not conclusive as a number of studies indicate no
consistent relationship between PME activity and abscission [Abeles et al., 1971;
Hanisch Ten Cate et al., 1975; Moline et al., 1972; Ratner et al., 1969].
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Cellulose is recognized as the major constituent of the fibrils of the primary cell
wall, suggesting that cellulase is required for cell separation [Abeles, 1969]. Increases
in cellulase activity have been noted in abscising zones of bean [Horton and Osborne,
1967], cotton, coleus [Abeles, 1969; Craker and Abeles, 1969b] and citrus [Ratner et al.,
1969; Greenberg et al., 1975]. This increased cellulase activity would promote cytolysis
and cell disintegration [Horton and Osborne, 1967]. Lewis and Varner [1970] reported
two forms of cellulase in the abscission zones of beans and suggested that the increased
cellulase activity in the leaf abscission zone of bean was a de novo synthesis. Further
studies by Reid et al. [1974], however, demonstrated that only one isozyme appeared
closely related to abscission.
Other enzymes involved in the abscission process include polygalacturonase
[Morrk, 1968; Rogers and Hurley, 1971; Riov, 1974; Greenberg et al., 1975], glucanase
[Abeles et al., 1971] and peroxidase [Duygu, 1976; Gaspar et al., 1978; Henry, 1979;
Henry et al., 1974; Poovaiah and Rasmussen, 1973; Poovaiah et al., 1973]. Peroxidase
may be related to the activity of IAA oxidase activity and to the control of auxin levels
in the abscission zone [Duygu, 1976; Gaspar et al., 1978; Henry, 1979]. In addition,
DNAase, RNAase, proteinase and phosphatase also increase during the decline in
breakstrength [Duygu, 1976; Poovaiah and Rasmussen, 1974; Poovaial et al., 1973], but
the significance of these changes is not fully understood.
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2.1.5 Formation of protective layer
In most species, cell divisions occur proximal to the separation layer before
abscission and develop a kind of periderm, protective layer, that is continuous with the
periderm of the stem. Tyloses form in the xylem vessels near the protective layers and
eventually block the xylem [Sexton and Roberts, 1982]. These bladder-like protrusions
may cause weakening of the vessel cells [Sexton, 1976], produce water stress in distal
tissue [Brown and Addicott, 1950; Cams, 1966], and inhibit pathogen invasion after
fracture [Sexton, 1976].

2.2 Influence of plant hormones on abscission

2.2.1 Auxin (lA A)
Auxin reaching the abscission zone from the distal, subtending organ is the major
hormonal factor inhibiting the abscission in non-abscising conditions. Studies [Addicott,
1970] have demonstrated that the auxin content of leaves decreases with tissue age. A
decrease in auxin level in blades immediately before abscission has been noted in the
leaflet of bean [Shoji et al., 1951] and shoots of coleus [Wetmore and Jocobs, 1953].
With mature, field-grown cotton, Storey [1957] observed that as the leaf blade yellowed
before abscission, free auxin in the petioles decreased to zero, and transport of auxin
decreased by 80%.

In the adjacent stem tissue, free auxin slightly increased and

transport of auxin decreased by 35 %.
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Application of auxin to intact plants or explants usually affects abscission.
Whether exogenous auxin inhibits or promotes abscission depends on the time and the
position of application. Since the initial observation of the effects of auxin on abscission
by Rubinstein and Leopold [1963], many physiologists have divided lag phase of
abscission into stage I and stage II.

Stage I occurs directly after explantation and is

delimited by the time period when addition of auxin to distal side of abscission zone
delays abscission.

The abscission zone cells enter into stage II with a decline of

endogenous auxin. At this point, application of auxin accelerates abscission.
The opposite responses to the same hormone present a question on the sensitivity
of plant tissue to hormones.

The promotive effect of auxin in stage II is probably

mediated by elevated ethylene production from the auxin treatment [Abeles and
Rubinstein, 1964; Morgan and Hall, 1964], at a time when the abscission zone is
extremely sensitive to ethylene. In contrast, explants in stage I are fairly insensitive to
ethylene.

The mechanism by which auxin delays abscission in stage I, however, still

remains unclear. Jaffe and Goren [1979] observed that auxin bound to the membrane
fraction of the abscission zone and promoted H+ efflux, suggesting that the primary
mechanism by which auxin promotes cell elongation and inhibits cell separation may be
similar.
Inhibition of abscission by auxin treatment is detected only if IAA is applied in
a position distal to the abscission zone.

Increasing retardation with increasing

concentration of auxin application has been detected in explants of cotton [Louie and
Addicott, 1970], bean [Chatteijee and Leopold, 1963], and other plants [Luckwill, 1956,
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Kaushik, 1963]. Application of IAA in positions proximal to the abscission zone almost
invariably accelerates abscission [Addicott, 1982].

The differences in response of

explants to applied auxin with regard to the site of application, however, varies with
plant species. With bean explants, Gaur and Leopold [1955] observed no difference in
abscission between those treated with NAA at distal and proximal ends and concluded
that the total amount of applied auxin determined the rate of abscission. In contrast, an
opposite conclusion was drawn from cotton explants treated with a series of IAA dilution
in many combinations simultaneously to the distal and proximal side of the explants
[Louie and Addicott, 1970]. Acceleration or retardation of abscission were observed to
be depended on which site received the larger quantity of IAA.
Other experiments with intact plants or leafy cuttings indicated that the presence
of an apical bud tends to accelerate the abscission of lower leaves. This effect, lost if
the apical bud is excised, can be reimposed by replacing the bud with IAA [Jacobs,
1955; Terpstra, 1956; Vendrig, 1960; Louie, 1963]. These results suggest that an auxin
gradient across the abscission zone is an important factor in the control of abscission:
relatively high levels of auxin distal to the abscission zone tend to inhibit abscission
whereas relatively high levels of auxin proximal to the abscission zone tend to accelerate
abscission [Addicott et al., 1955]. Although largely ignored in recent studies as other
plant hormones were demonstrated to participate in abscission, most evidence indicated
the abscission zone of a plant is usually responsive to an applied auxin gradient
[Addicott, 1970].
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Research has shown decreases in auxin transport from leaf blade to abscission
zones as leaf tissue become older [McCready and Jacobs, 1963; Veen and Jocobs,
1969]. Auxin transport inhibitors [TIBA (triiodobenzoic acid), N-l-naphthylphthalamate,
and 3,3a-dihydro-2-(p-methoxyphenyl)-8//-pyrazolo-(5,1-a)iso-indol-8-one] cause rapid
abscission of leaves in cotton plants under normal non-abscising conditions [Morgan and
Durham, 1972]. A decline in auxin transport in petioles also has been associated with
the effectiveness of other chemicals on abscission.

Ethylene, a potent abscission

accelerator, inhibits auxin transport from leaf blade to abscission zone in etiolated pea
epicotyls [Suttle, 1988a]. In cotton plants, Morgan and Durham [1972] demonstrated
that auxin transport inhibitors hastened the rate of abscission achieved with a given level
of ethylene and concluded that reduction in petiolar auxin transport is one of the
functional, regulating actions of endogenous or exogenous ethylene on intact leaf
abscission.

The inhibition of auxin transport also was observed with application of

thidiazuron, a defoliant used in cotton [Suttle, 1988b].
Using nodal and intemodal explants from Impatiens sultani, Warren Wilson et al.
[1986] established a system for studying positional control of the abscission zone,
suggesting that the position of abscission is controlled primarily by auxin acting as a
morphogen: abscission sites occur at Y-junction just above the base of the arm with the
low activity of auxin status, or in single axes above a region of higher auxin status. At
both sites, the auxin concentration decreases in the apical direction [Warren Wilson et
al., 1986]. If the explant was split to midlength and IAA was applied to the top of one
of the two sides, abscission occurred at or near the base of the other arm. If IAA was
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applied to the explant laterally midway along the length, abscission occurred just above
the application point. Studies with 14C-IAA confirmed that a separation layer would form
where the concentration decreased upwards [Warren Wilson et al., 1988].

This

hypothesis was further supported by the results from nodal explants where the abscission
site above the base in nodal explants arose above a region of basal auxin accumulation
caused by basipetal polarized transport or by application of auxin to the basal end
[Warren Wilson et al., 1987]. The conclusions are consistent with the role of auxin
gradient in abscission control. Abscission occurs where auxin concentration decreases
in the apical direction across the abscission zone, that is, a low auxin level in distal site
related to the high auxin level in proximal site.

2.2.2 Ethylene
An understanding of a hormonal role for ethylene in the stimulation of abscission
is supported by observation that production of ethylene correlates with accelerated onset
or rate of abscission and that application of ethylene exogenously induces and accelerates
abscission [Osborne, 1984].

Jackson and Osborne [1970] indicated that ethylene

production of petioles of Prunus and Parthenocissus increased as abscission approached.
With bean explants, however, low levels of ethylene production were observed prior to
or during abscission [Jackson and Osborne, 1970]. Treatment of a wide range of species
with ethylene [Abeles, 1973] or an ethylene-releasing compound [Addicott, 1976]
dramatically stimulated abscission. Abeles [1973] noted that in some plants application
of ethylene did not induce foliar abscission and concluded that ultimate control of
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abscission in such species might depend on factors other than ethylene. Nevertheless,
the weight of the experimental evidence still suggests that ethylene plays a critical role
in abscission [Reid, 1985].
The controversial results may be explained partially by the difference in sensitivity
of the plant tissue to ethylene.

Using cotton seedlings, Suttle and Hultatrand [1991]

observed that ethylene-induced abscission is age dependent and mediated by auxin.
Fumigation of intact seedlings with ethylene resulted in abscission of the still-expanding
third true leaf, but had no effect on the fully expanded first true leaf.

The critical

mechanism for the enhanced abscission response in the younger leaf is reduced sensitivity
of the abscission zone cell to IAA and increased sensitivity to ethylene.

While the

amount of IAA reaching the abscission zone of all leaves in ethylene-treated seedlings
is reduced as a result of lowered leaf IAA levels and impaired IAA transport, an
enhanced turnover of IAA, possibly due to accelerated rate of IAA metabolism, could
cause the amount of IAA present in the abscission zone of younger leaves to quickly
decrease to a level where the tissue is sensitive to ethylene [Suttle and Hultatrand, 1991].

2.2.3 Other plant hormones
Studies conducted on the effects of other hormones in abscission are not
conclusive.

ABA (abscisic acid), a hormone named after its role of promoting

abscission, generally enhances senescence of tissue distal to the abscission zone and
hastens the ethylene climacteric of the tissue [Jackson and Osborne, 1972]. Sagee et al.
[1980] reported that ABA is ineffective in promoting abscission in citrus tissue in which
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ethylene production is inhibited by AVG.

Other reports [Craker and Abeles, 1969b;

Dorffling et al., 1978; Marynick, 1977], however, indicate that ABA has the capacity
to promote abscission independently of ethylene, presumably by affecting the synthesis
of wall-degrading enzymes [Rasmussen, 1974].

GA (gibberellic acid) normally

accelerates abscission [Addicott, 1970; Marynick, 1977], in part by increasing ethylene
production [Abeles and Rubinstein, 1964]. Cytokinin does not regulate cell separation
directly, but acts by retarding plant senescence [Letham, 1967] or by directing the
movement of plant assimilates [Adedipe et al., 1976; Letham, 1967; Seth and Wareing,
1967].

2.3 Cellulase as a hvdrolvtic enzyme of cell wall in abscission zones

2.3.1 Cellulase activity and abscission
The accepted role of cellulase in abscission is to solubilize cell wall cellulose.
Several investigators have established a positive relationship between a rise in cellulase
activity in the abscission zone and abscission. Horton and Osborne [1967] first reported
that endo-6-1,4-glucan 4-glucanohydrolase increased markedly during leaf abscission of
bean explants compared with abscission by auxin-inhibited controls.
enzyme activity was limited largely to the separation region.

The increase in

Later, a number of

researchers [Craker and Abeles, 1969a; Goren et al., 1973; Lewis and Varner, 1970;
Pollard and Biggs, 1970; Rasmussen, 1973; Rasmussen, 1974] have shown that cellulase
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appeared after an initial lag but before the breakstrength started to decline and that the
highest levels of cellulase activity accumulated before final fracture.
Cellulase activity is detected principally in the middle lamella region and in small
amounts in primary and secondary region of the cell wall in abscission cells of tobacco
flower pedicels, with highest cellulase levels occurring during advanced stages of
abscission [Lieberman et al., 1982]. In coleus, Baird and Reid [1992] indicated that
enzyme activity was localized primarily in the cell wall, middle lamella, and paramural
bodies of the abscission zone cells.
Studies further suggested that cellulase was synthesized de novo.

Protein

synthesis inhibitors and some RNA synthesis inhibitors which prevented abscission also
inhibited the appearance of cellulase [Abeles, 1969; Pollard and Biggs, 1970; Ratner et
al., 1969]. Using a cellulase cDNA associated with bean leaf abscission as a probe,
Tucker et al. (1991) demonstrated that complementary cellulase mRNA was present in
two cell layers on either side of the fraction plane, a distribution consistent with
immunolocalizations of cellulase in the same type of tissue [Sexton et al., 1981].
Abscission accelerators such as ethylene and ABA increased cellulase activity and
decreased breakstrength [Abeles, 1969; Craker and Abeles, 1969a; Lewis and Varner,
1970; Osborne, 1968; Pollard and Biggs, 1970; Rasmussen, 1974; Ratner et al., 1969].
Abeles and Leather [1971] demonstrated that ethylene controlled cellulase synthesis and
its secretion into the wall.
The substrate used in the assay for the enzyme is carboxymethylcellulose. The
name of cellulase was adopted although the enzyme may not be able to cleave crystalline
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cellulose [Sexton and Roberts, 1982]. Cellulose [Lewis et al., 1974] and xyloglucans
[Sexton and Roberts, 1982] have been suggested as the substrate for cellulase in wall of
separation cells, although no direct evidence has been provided. Possibly, cellulase is
involved also in cell expansion [Wright and Osborne, 1974], making the wall permeable
to high molecular weight of proteins [Durbin et al., 1981] and forming a protective layer
[Ratner et al., 1969; Hanisch ten Cate et al., 1975].

2.3.2 Cellulase isozymes in leaf abscission zone of bean plants
Over the last 30 years, bean has been used on most studies on abscission and
cellulase activity. Lewis and Varner [1970] concluded that two types of cellulase were
present in the abscission zone of bean plants. One form was soluble in simple phosphate
buffer and was not correlated with abscission, but the second form of cellulase,
extractable in salt-fortified buffer, increased as the breakstrength decrease. Reid et al.
[1974] subsequently separated the two forms of cellulase by isoelectric focusing (IEF),
the residue cellulase having an alkaline pi of 9.5 while the soluble form having an acidic
pi of 4.5.
Further studies indicated that only pi 9.5 cellulase was involved in abscission
process in bean plants.

The pi 9.5 cellulase formed in the separation layer during

abscission [Reid et al., 1974; Tucker et al., 1991] while the pi 4.5 cellulase was present
in other tissue and the activity of this pi 4.5 cellulase in the separation layer did not
increase during abscission [Reid et al., 1974]. Only the pi 9.5 cellulase moves into the
cell wall and this process only seems to occur towards the end of abscission. The pi 9.5

22

cellulase has been purified and antibodies were used [Koehler et al.f 1981] to quantify
the changes of both cellulase isozymes. Data from radioimmunoassays indicated that pi
9.5 cellulase was undetectable prior to the induction of abscission and that the increase
in activity after a lag period preceded the decrease in integrity of the abscission zone
cells [Durbin et al., 1981]. Furthermore, the acidic cellulase (pi 4.5) rapidly declines
before the appearance of the basic cellulase (pi 9.5), suggesting no conversion from
acidic cellulase to basic cellulase and that the two cellulase isozymes are proteins derived
from two different genes [del Campillo et al., 1988].

2.3.3 Variability in cellulase form in plant kingdom
Multiple forms of cellulase have been observed in various tissues of plants other
than beans [Kanellis and Kalaitzis, 1992; Goren and Huberman, 1976; Huberman and
Goren, 1979]. In the mesocarp of ripe avocado fruit, cellulase was separated into at least
11 multiple forms by native isoelectric focusing in the pH range between 4 and 7. These
multiple cellulase active forms are expressed probably from heterogeneous cellulase
mRNA during avocado ripening [Kanellis and Kalaitzis, 1992]. In the shoot-peduncle
and peduncle-fruit abscission zone of developing orange fruit, four to seven isozymes
were detected and at least two could be detected at excision time, and one was not
related to abscission [Goren and Huberman, 1976].
Evidence for the presence of a small gene family for cellulase in avocado was
suggested by the fact that multiple bands were detected in Hind III and Eco R1 digested
genomic Southern blot gel using cellulase cDNA as a probe (Tucker et al., 1987].
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Cellulase genes have also been compared between avocado fruits and bean abscission
zones (pi 9.5 cellulase) [Tucker et al., 1988; Tucker and Milligan, 1991].

Optimal

alignment of cDNA sequences between the two plants indicated 64% and 50% identically
matched nucleotides and amino acids, respectively [Tucker and Milligan, 1991].
Analysis of the deduced amino acid sequences for mature bean and avocado cellulase
indicates that these two proteins share similar molecular weights, position of cysteine
residues and hydropathic character, but have very different isoelectric points and
glycosylation. Unlike avocado cellulase, bean pi 9.5 cellulase appeared to be encoded
by a single gene or a few very closely related genes.
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phytochrome-induced auxin levels in the abscising leaves were involved in the mechanism
of light control of leaf abscission [Mao et al., 1989]. A continuous polar supply of auxin
from the leaf blade exposed to red light is apparently responsible for maintenance of cell
integrity in the subtending abscission zone.

In contrast, far-red light irradiation

accelerated abscission.
Two major factors, senescence and imbalance of plant hormones, may contribute
to the age-dependent abscission. While senescence would induce abscission [Addicott,
1982], some previous research indicated that senescence and abscission are independent
physiological processes, that is, one can proceed without the coupling of the other
[Addicott and Lyon, 1973]. Abscission of aged leaves has been more closely related to
a decreased auxin supply and increased ethylene production from aged leaves [Sexton and
Roberts, 1982].
Although effects of light and of tissue age have been indicated, the mechanisms
of natural abscission process still need to be clarified. Auxin acting in abscission zones
is synthesized in leaves and transported through petiole, thus any influence on auxin
synthesis [Allen and Barker, 1980] and transport [McMready and Jacobs, 1963] should
be considered. In this report, the roles of light and tissue age and their relation to auxin
regulation of natural leaf abscission were explored.
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3,2 Materials and Methods

3.2.1 Plant materials and growing conditions
A population of coleus (Coleus blumei Benth cv. Ball 2179 Red) plants grown in
a greenhouse was used in these studies [Decoteau and Craker, 1984; Mao et al., 1989].
The coleus plants were chosen because they are easy to cultivate, are one of the
frequently used plants in studies in abscission, and were previously used in the research
in this laboratory, facilitating comparison of current research results with the collection
of abscission literature. The plants, propagated by rooting of shoot cuttings in sand,
were grown in peat-vermiculite-perlite (Promix BX, Premier Brand Inc. Yonkers, NY)
in 9" (23-cm) pots under natural daylight with a minimum temperature of 18 ± 2°C.
Plants were prepared by removing axillary shoots so that 20 to 30 branches existed per
plant. Pots containing plants were arranged at a density of 9 pots per m2. The plants
were maintained on a regular pest control and fertilization programs to sustain vigorous
growth.

3.2.2 Observation of natural leaf abscission in greenhouse
An observation of natural leaf abscission was conducted in the coleus population
grown in the greenhouse to determine the relationship between light and abscission.
Branches were categorized as top, middle, and bottom according to the height of the
branch tip in the canopy profile (bottom: tips within 30 cm from ground, middle: 30 to
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60 cm from ground, top: above 60 cm from ground). Only branches with 5 to 7 nodes
were recorded. The number of leaves abscised in each branch was recorded.

3.2.3 Light measurements
Light conditions at the 3 heights within the canopy were monitored by an
irradiance probe with a digital photometer (Model J6512 probe and model J16
photometer; Tektronix, Inc. Beaverton, OR) for red and far-red light.

3.2.4 Explants
Explants were used to exam the effects of auxin level and leaf age on abscission.
The leaf and stem tissue associated with and between the third (designated young tissue)
and sixth (designated old tissue) nodes subapical to the visible plant tip were selected.
The tissue was excised with a razor blade from plants immediately before
experimentation. Leaf explants included stem and 4 attached leaf pairs (leaf blade was
trimmed to a uniform size of 1 cm2 with a razor blade) from 0.5 cm above the third node
to 1 cm below the sixth node to provide a uniformly sized experimental system with a
hierarchical young to old (top to bottom) leaf age (Figure 3.1).
prepared from the same tissue

Petiole explants were

as the leaf explants, except that the leaf blade was

removed (leaving 0.5 cm bare petioles) and the nodes were detached from each other by
cutting the stem 0.5 cm above and 1 cm below each node (Figure 3.2).
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Node 3

Node 4

Node 5
lanolin ring
Node 6

Figure 3.1. Explant with 4 attached leaf pairs trimmed to 1 cm2 blades.
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Figure 3.2. Explant with 4 detached petiole pairs with blades removed.
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3,2,5 IAA treatment
To study the role of auxin in leaf abscission in explant, exogenous IAA and TIBA
(triiodobenzoic acid) were used.

An auxin gradient was established across abscission

zones of attached leaf explants by application of same amount of 103 M IAA, or 1
percent (w/v) TIBA, or a combination of the IAA and TIBA. The compounds were
contained in hydrolyzed lanolin and placed in rings around the stem midway between the
4th and 5th nodes (Figure 3.1).

For a combination of auxin and TIBA, 2 separate,

non touching rings with TIBA above the auxin were used. A control treatment consisted
of lanolin without auxin or TIBA. Auxin gradients were established across the abscission
zones of detached petioles by application of 50 \A drops of lanolin containing lfr3 M IAA
at the distal cut surface of either the stem or the petiole using a syringe (Figure 3.2).
During treatment, explants were maintained by inserting the basal ends vertically into 1.5
percent (w/v) agar in Petri plates and placed inside a polyethylene box (20 cm x 20 cm
x 20 cm) constantly flushed with humidified air to prevent water loss from tissue and any
accumulation of ethylene or carbon dioxide. The boxes with explants were placed in the
dark at 28 ± 2 °C for 2 (for petiole explant) or 3 days (for leaf explant). Abscission
was recorded as the percent of petioles abscised following an application of a light
pressure against the petiole.

3,2,6 IAA transport study
Segments of petiole or stem for use in auxin movement studies were 1-cm-long
from the petiole immediately distal to the node or the stem immediately below the node.

39

The petiole and stem segments were supported vertically by placing the tissue through
drilled holes (Figure 3.3) in a plastic Petri plate top and placed in the above described
polyethylene box. In the auxin movement study, an agar block (1.5 %, w/v; 4.5-mm in
diameter x 1-mm thick) was placed on each cut surface of the segments as described by
Suttle [1988]. Donor blocks contained uniformly labeled 14C-IAA (agar block was made
from 10 /zM IAA, 2.18 GBq/mmol). Movement of the auxin was allowed to proceed in
the dark for 4 h. At the end of the test period, 2-mm sections were sliced from the basal
end of each segment of petiole and stem tissue, and combined with the receiver block.
The tissue and agar block were placed in a 20-ml scintillation vial and the IAA was
extracted by adding 1 ml of 95 percent (v/v) ethanol and shaking in the dark for 16 h.
At the end of the extraction period, 10 ml of scintillation fluid (Opti-fluor, Packard
Instrument Company, Downers Grove, IL) were added to each vial. The radioactivity
was determined with a liquid scintillation counter (Model LS3801, Beckman Instruments,
Inc., Fullerton, CA). Quench was corrected with an internal standard. In preliminary
experiments, 85 percent of the total radioactivity could be recovered from tissue and agar
blocks.

3.2.7 Statistical procedure
Except for greenhouse observation, all experiments were replicated a minimum
of 3 times with 25 explants per replication in abscission studies and 3 cuttings per
replication in transport studies.

Results were analyzed by analysis of variance and

interpreted by mean separation by LSD.
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donor agar block containing ^C-IAA

petiole or stem section

receiver

Figure 3.3. IAA transport experiment
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agar block

3.3 Results

3.3.1 Natural leaf abscission in coleus plant
The number of leaves attached to branches in a coleus plant varied significantly,
depending on where the branch was located. Branches located higher in the canopy had
more leaves than branches located lower in the canopy, and the branches located lower
in the canopy had more abscising leaves than the branches located higher (Figure 3.4).
Within single branch, abscising leaves were most frequently observed at lower positions.
Light profile in coleus canopy revealed a significant reduction in red light with the
increase in depth in the canopy (Figure 3.5).

This kind of change in light was noted

with incident light or reflected light. The ratio of red to far-red light (R/FR), however,
decreased significantly only in incident light.

3.3.2 Abscission in attached leaf explants
Abscission of attached leaf explants was greater at older nodal positions (lower,
5th & 6th) than that at younger nodal positions (higher, 3rd & 4th) (Table 3.1). The
percentage of abscised petioles for the older nodes was 40 percent or greater, and the
abscission of the younger nodes remained at 10 percent or less. Disrupting the polar
auxin transport in the stem with TIBA between nodes 4 and 5 resulted in increased
abscission in younger petioles (above the site of treatment) and decreased abscission in
older petioles (below the site of treatment) compared with abscission in treatments in
which no TIBA was applied. Application of IAA to the stem between nodes 4 and 5
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Abscission
Figure 3.4. Abscission of leaves in branches located at different position of canopy
profile of coleus plant. Top: branch tip is above 60 cm from ground; Middle: 30 - 60 cm
from ground; Bottom, within 30 cm from ground.
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Distance from ground (m)
Figure 3.5. Red, far-red light intensity and red/far-red (R/FR) ratio in leaf canopy of
coleus plant growing in greenhouse. A: incident light; B: reflected light.
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increased abscission at all nodes as compared with abscission at the nodes of stems not
receiving auxin. When IAA was applied in conjunction with TIBA, abscission at all
nodes except the 6th was increase compared with stems not receiving auxin; abscission
at nodes 3 and 5 was more and less, respectively, as compared with that observed when
auxin only was applied.

3.3.3 Abscission in detached petiole explants
A trend of increase in abscission of detached petioles with increase in nodal
position was observed in explants without IAA treatment and in application of IAA to

Table 3.1. Abscission of explants with 4 attached leaf pairs in coleus.

Nodal position
Treatment1

3

4

5

6

Abscission (%)2
None
1% TIBA
10-3 M IAA
TIBA plus IAA

2d 10c 40c 62ab
40b 35b Od 20c
17c 77a 77a 87a
68a 90a 50b 50b

lrTIBA or IAA was applied in lanolin to the intemode between the 4th and 5th node of
the explant. For a combination of TIBA and IAA treatment, two chemicals were applied
in separate lanolin with TIBA above IAA.
2Abscission was recorded after 3 days of initial treatment. Means within the same column
followed by the same letter are not significantly different at the 0.05 probability level by
LSD.
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stem top, respectively (Table 3.2). Auxin treatment to petioles inhibited abscission at
all nodes position. In younger tissue (nodes 3 & 4), application of IAA to the stem top
had no effect on abscission compared with those not receiving auxin, but in older tissue
(nodes 5 & 6) the addition of IAA to the stem top increased abscission as compared with
explants not receiving auxin. Partition of the total variation of abscission into the

Table 3.2. Abscission of explants with 4 detached petiole pairs in coleus.
Nodal position
Treatment1

3

4

5

6

Regression3

Abscission (%)2
None
10'3 M IAA on petiole
10'3 M IAA on stem

22a
5b
22a

Source of variation

df

Treatment
Position
Interaction

2
3
6

27a
2b
35a

35b
2c
59a

L*
NS
L*

45b
2c
65a

Abscission
(% of total variance)4

Significance
(F-test)

53.3
13.5
9.2

0.00
0.00
0.06

TAA was applied on the top of the petiole or stem of explant.
2Abscission was recorded after 2 days of initial treatment. Means within the same column
followed by the same letter are not significantly different at the 0.05 probability level by
LSD.
3Linear regressions are significant (L*) or not significant (NS) at the 0.05 probability
level.
Calculated as percentage of sum of square of the individual variable or interaction in
total sum of square of all variables and interactions, and error.
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portions attributed to auxin treatment, node position, and the interaction [Little, 1981]
indicated that the variability caused by auxin treatment or position was significant.

3.3.4 Auxin transport in tissue segment in relation to abscission
Considerable amounts of l4C-labeled auxin moved through the stem and petiole
in a basipetal direction, but only very limited amounts in an acropetal direction (data not
shown). The amount of auxin movement through tissue varied with the type of tissue
and the age of the tissue (Table 3.3).

Over twice as much auxin moved basipetally

through petiole tissue from the third node compared with that from the sixth node. The
total basipetal auxin movement in young or old stem tissue was equal, although an

Table 3.3. Effect of tissue age on IAA movement in petiole and stem segments of
coleus.
Stem

Petiole
Total

Tissue age

per mm2

14C-activity transported (dpm)1
Young2
Old3

3086a
3611a

1358a
503b

1372a
713b

transport was allowed in the dark for 4 hours. Means within the same column followed
by the same letter are not significantly different at the 0.05 probability level by LSD.
Segments from third leaf pair.
Segments from sixth leaf pair.
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adjustment for the stem diameter indicated that movement per unit area of stem was less
in old stem tissue than in young stem tissue.

3,4 Discussion

3.4.1 Light and natural leaf abscission
Comparison of natural abscission within same age group indicated that lower
positioned branches had higher percentage of abscising leaves than higher positioned
branches, suggesting that light is a factor in control of leaf abscission.

Results also

confirmed our previous report on red light inhibition and far-red light promotion of leaf
abscission [Mao et al., 1989]. In the canopy, the upper leaves are located in a favorable
conditions of abundant red light and higher R/FR ratio whereas the lower leaves are
subjected to lower red light and lower R/FR irradiation.

The mechanism of R/FR

control of leaf abscission can be explained by R/FR controlled IAA biosynthesis [Mao
et al., 1989]. In lower leaves, IAA synthesis is inhibited by reduced red light or reduced
R/FR ratio, inducing these leaves to be released from natural abscission-inhibited (high
IAA concentration) conditions and to be exposed to ethylene, which together, stimulate
abscission.

3.4.2 Tissue age, auxin gradient, and leaf abscission
Without any light effect, abscission of explants still followed the same hierarchical
pattern observed in greenhouse studies. Under an environment that stimulated abscission,
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young petiole (nodes 3 & 4) on leaf or petiole explants did not abscise at the relatively
high rates noted for old petiole (nodes 5 & 6).
The observed differences in abscission were related to an auxin gradient and an
apparent age-dependent insensitivity to auxin. Addicott et al. [1955] proposed that auxin
regulated abscission through an auxin gradient across the abscission zone. Abscission
would occur if concentration was higher on the proximal side and would not occur if
auxin concentration was higher on the distal side. This proposition was supported by
observations of abscission in the attached leaf explants. Changing the relative levels of
auxin at nodes by the addition of IAA, TIB A, or both to explants altered the pattern of
abscission. Abscission at young nodes (nodes 3 & 4) was increased, and abscission at
old nodes (nodes 5 & 6) was decreased compared with abscission of untreated explants
if basipetal auxin transport was blocked by TIB A, consistent with an accumulation of
auxin in stem tissue above and a lack of auxin in stem tissue below the TIBA treatment.
Addition of auxin to the stem tissue, raising the relative level of auxin on the proximal
side of the abscission zone, significantly increased

abscission as compared with

abscission in explants not having auxin treatment. The increased abscission noted at the
young nodes (nodes 3 & 4) with auxin applied between nodes 4 and 5 is apparently due
to some acropetal diffusion of the IAA. This effect was magnified if basipetal transport
of applied auxin was inhibited by the simultaneous application of TIBA. Application of
auxin to the petioles of the detached petiole explants did inhibit abscission at all nodes
as compared with untreated explants, similar to that observed in previous reports where
the effect of auxin on petiole abscission has been noted [Addicott et al.y 1955].
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Application of auxin to the stem tops of the detached petiole explants, however, increased
abscission only at the old nodes (nodes 5 & 6) as compared with untreated explants.
Young nodes did not respond to the increased auxin. Partitioning the variance associated
with the observed patterns of abscission in detached petiole explants supported the
conclusion that differences in abscission levels at various nodes were related to tissue
age. Although the effect of tissue age on abscission (13.5 % of variance) was less than
that associated with an auxin gradient (53.3 % of variance), tissue age did have a definite
effect on whether abscission would occur at any nodal position.

3.4.3 Auxin transport and effect on auxin gradient
Auxin transport in petioles has been demonstrated previously to decline in coleus
[Veen and Jacobs, 1969] and beans [McMready and Jacobs, 1963] with petiole age. In
our studies, IAA transport in a petiole from a young node (node 3) was more than twice
the rate of transport in a petiole from an old node (node 6). This observation contrasts
with auxin transport in stem tissue where old or young tissue transported similar
quantities of IAA. The capacity of old stems to maintain IAA transport appears related
to an increase in the diameter of the stem tissue with aging, for adjusting for crosssectional area indicated that transport per unit area was less in old stems than in young
stems.

The auxin gradient at the abscission zone is affected, however, since as the

petiole ages the level of auxin transport to the distal side of the abscission zone is
diminished. The continued synthesis of auxin by the apical bud and more acropetal
leaves, the continued ability of the aging stem to transport auxin, and the reduced auxin
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movement from the old leaves to abscission zones gradually resulted in selectively high
auxin levels on the proximal side of the abscission zone. This imbalance in auxin or
auxin gradient initiates abscission. Yet, at the abscission zones associated with young
leaves, selectively high auxin levels in the stem do not induce abscission.

The

insensitivity of young leaf tissue to an abscission-inducing auxin gradient could be
expected as necessary to prevent the loss of new and expanding leaves which because of
their proximity to the apical tip would experience high auxin concentration on the
proximal side of the abscission zone.
In a leaf canopy, auxin production in old leaves (usually lower positioned leaves)
is decreased due to shedding, and auxin transport from leaves to abscission zones also
is slowed down as petioles age, reducing auxin concentration on the distal side of the
abscission zone. Leaves finally abscise as a result of a change in auxin gradient across
abscission zone. Young leaves (usually higher positioned leaves), receiving favorable
light irradiation, continue to develop and would be a major resource investment for the
plant as a replacement of older leaves.
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CHAPTER 4

CELLULASE FROM LEAF ABSCISSION ZONES OF COLEUS

4.1 Introduction

Cellulase (B-l,4-glucan 4-glucanohydrolase, EC 3.2.1.4) is the major hydrolytic
enzyme responsible for abscission of leaves and fruits in a number of species [Horton and
Osborne, 1967; Abeles, 1969; Lewis and Varner, 1970; Huberman and Goren, 1979].
Work with "Red Kidney" bean, Phaseolus vulgaris L., has suggested two major isozymes
of this enzyme, the basic form, pi 9.5, confined to the abscission zone and closely
related to cell wall hydrolysis [Reid and Strong, 1974; Lewis et al., 1982] and an acidic
form, pi 4.5, present throughout the plant and apparently active in cell wall growth
[Maclachlan and Duda, 1965; Ridge and Osborne, 1969]. The pi 4.5 cellulase seems
unrelated to abscission in bean as the activity level remains constant during abscission
[Reid and Strong, 1974]. In contrast, the activity of the pi 9.5 cellulase isozyme, which
increases in the abscission zones just before abscission, has been referred to as the
abscission cellulase in beans [Lewis et al., 1982].
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Previous report indicated that auxin synthesized in leaves exposed to red light
regulates cellulase activity in abscission zones of coleus [Mao et al., 1990]. The form
of cellulase controlled via light-regulated auxin production, however, has not been
identified. The purpose of this study was to characterize the form of active cellulase in
abscission zones of coleus.

4.2 Materials and Methods

4.2.1 Plant materials
Explants from a population of coleus (Coleus blumei Benth cv. Ball 2719 Red)
plants growing in a greenhouse as previously described were used in these experiments.
Bean plants (Phaseolus vulgaris L. cv. Red Kidney), grown from seed in the same soil
and environmental conditions as for coleus, were used for comparison of cellulase
between two plants. The explants, made just before initiation of the treatments, were
taken from the third or fourth node subapical to the plant tip and consisted of 0.5 cm of
stem tissue above the node, 1 cm of stem tissue below the node, and the two opposite
petioles (each 0.5-cm long) [Sexton and Robert, 1982]. Each explant was maintained
vertically in a viable turgid state by inserting the basal 0.5 cm of the stem into 1 % (w/v)
agar contained in 10.5-cm diameter Petri plates and, except for ethylene treatment,
placed in an polyethylene box (18 cm x 21 cm x 12.5 cm) flushed constantly with
humidified air to prevent desiccation and accumulation of ethylene and carbon dioxide.
Explants of bean plants, made also just before initiation of the treatment, were taken
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from the unifoliate leaves of 14-day-old plants and included 0.5 cm tissue above the
node, 4 cm of stem tissue below the node, the two opposite petioles and distal abscission
zones.

Explants were maintained vertically by inserting the basal end of stem tissue

through a sheet of Parafilm stretched across the top of a 50-ml beaker filled with distilled
water (Figure 4.1) and placed in polyethylene box.

Petiolar (distal) abscission zone

Laminar (proximal) abscission zone

Figure 4.1. Bean petiole explant
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4.2.2 Treatments
For auxin treatment, 50 /xl of 1 mM IAA contained in a lanolin drop was applied
to the distal cut surface of the petiole with a syringe.

For ethylene treatment, the

flushing of air through the acrylic boxes was stopped, and the boxes were sealed for
exposure of the explants to 10 /xli'1 ethylene.

All experiments were conducted in a

controlled environment room at 28 ± 2°C in the dark.

Abscission of petioles was

determined as the percent of petioles which abscised with an application of a light
pressure to the distal end.

4.2.3 Extraction of cellulase
Cellulase was extracted from 100 abscission zones (defined and isolated as 0.5
mm from each side of the separation layer) by homogenizing the tissue in 2 ml of 20 mM
sodium phosphate buffer (pH 6.1). In bean plants, only distal abscission zone was used
for cellulase extraction. The extract was centrifuged at 10,000 x g at 4°C for 15 min
with the supernatant saved as extract 1. The residue was subsequently re-extracted with
2 ml of the same buffer fortified with 1 M NaCl, centrifuged as above, and the
supernatant saved as extract 2.

4.2.4 Assay of cellulase activity
Cellulase activity of each extract was determined by mixing a 0.1 ml portion of
extract with 0.2 ml of 1.33% carboxymethyl cellulose (CMC, type 7HF, Hercules Inc.,
Wilmington) and measuring changes in viscosity of the mixture (drainage time through
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the calibrated section of a 100 /zl pipette) [Durbin and Lewis, 1988]. Relative unit of
enzyme activity was converted from viscosity according to the following equation:
unit = [(^-(N^C.tr1
Where (N)t2 is the intrinsic viscosity at any given reaction time, (N)X1 is the initial
intrinsic viscosity, C, is substrate concentration in gT1, t is reaction time in hours, and
a is an empirical constant determined to be 3.66.

4.2.5 IEF of cellulase
For isoelectric focusing (IEF), extracts were prepared from 1000 abscission zones
as described above.

Extracts 1 and 2 were merged, brought to 45 ml with a final

concentration of 6 M urea, 5% (v/v) glycerol and 1% ampholytes (w/v, pH range 3-10),
and loaded into the isoelectric focusing cell (Rotofor preparative IEF cell, Bio-Rad
Laboratories, Inc., Melville) for focusing at 12 W constant power for 4 h. At the end
of the focusing period, 20 fractions were harvested.

The pH of each fraction was

measured, adjusted to pH 6.1 using solid Na2HP04 or NaH2P04, and the cellulase
activity was determined.

4.2.6 Separation of cellulase on a PAGE
The cellulase in extracts of coleus abscission zones was further characterized by
electrophoresis in native PAGE gel [Goren and Huberman, 1976a]. Cellulase extracts
were prepared in a ratio of 70 abscission zones per ml of the previously described NaClfortified phosphate buffer to which 20% (w/v) sucrose was added. CMC, for a final
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concentration of 1.25%, was added to the 7.5% separating gel before polymerization of
the gel. Electrophoresis was done at 40 mA constant current for 3 h at 4°C. Following
electrophoresis, the gels were incubated with 0.1 M sodium phosphate buffer (pH 6.1)
at 37°C for 15 min to adjust and stabilize the pH of the gel. Excess buffer was decanted
and incubation was continued for 1 h (between 2 sheets of paraffin film to prevent
dehydration) to allow any cellulase in the gel to hydrolyze the CMC.

The enzyme

reaction was stopped by submerging the gels in 60% sulfuric acid. Subsequently, the
gels were washed briefly with distilled water and placed in a staining solution containing
2% (w/v) KI and 0.2% (w/v) I2.

Cellulase bands appeared colorless in a blue

background.

4.3 Results

4.3.1 Cellulase activity and leaf abscission in coleus
Cellulase activity was detected in abscising zones of coleus and bean plants (Table
4.1). No cellulase activity was detected in freshly isolated, non-abscising zones of coleus
whereas non-abscising zones of bean plant bared little cellulase activity. The cellulase
activity of coleus and bean differed in solubility in phosphate buffer. The majority of
the cellulase activity in abscising zones of coleus was extracted by a phosphate buffer
containing no NaCl. The major portion of the cellulase activity in bean abscission zone,
however, could be extracted only by the addition of 1 M NaCl to the extraction buffer.
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Table 4.1. Extraction of cellulase in leaf abscission zones of coleus and Phaseolus
vulgaris.

Extracting buffer2

Abscission zone1

H2P04-

H2P04- + NaCl

Cellulase activity (unit/abscission zone)
Coleus
Nonabscising
Abscising

Undetectable
49.56

Undetectable
7.80

0.77
1.46

0.75
11.12

Phaseolus vulgaris
Nonabscising
Abscising

1 Nonabscising zones were abscission zones from actively growing plants under non¬
abscising environment. Abscising zones were abscission zones from explants treated with
10 /ill'1 ethylene for 12 h.
2 Cellulase was extracted with 20 mM sodium phosphate buffer (pH 6.1, H2P04), the
residue of centrifugation was then re-extracted with same buffer fortified with 1 M NaCl
(H2P04- + NaCl).

4.3.2 pi of coleus cellulase
Isoelectric focusing of the extracts from the coleus abscission zones indicated that
the cellulase activity peaked at pH 4.7 (Figure 4.2). No cellulase activity was detected
from proteins collected at a pH greater than 6.5.

60

o pH

a Cellulose Activity {% recovery)

Figure 4.2. Isoelectric focusing of cellulase from abscission zones of coleus. Cellulase
activity was extracted from the abscission zones of explants treated with 10/d 11 (v/v)
ethylene for 12 h. Enzyme activity was focused in a 1% (v/v) solution of pH 3-10
ampholytes at 12 W for 4 h on Rotofor isoelectric focusing apparatus. After harvesting,
pH of each fraction was measured. Fractions were adjusted to pH 6.1 before for assay
of cellulase activity.
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4.3.3 Effect of IAA and ethylene on cellulase activity
Activity of pi 4.7 cellulase in coleus abscission zones increased as in
abscission of the explants increased (Figure 4.3).

Inhibition of abscission with IAA

decreased cellulase activity compared with the activity in explants treated with plain
lanolin (Figure 4.4).

In contrast, exposure of coleus explants to ethylene promoted

abscission and cellulase activity compared with those exposed to air.

4.3.4 Cellulase isozymes
Electrophoresis of the cellulase extract from coleus indicated 2 bands of cellulase
activity (Figure 4.5). Band 1 appeared 12 h after initiation of abscission in the explants,
and the cellulase activity in this band continued to increase throughout the abscission
process.

Band 2 was detected 24 h after initiation of the abscission (12 h after the

formation of band 1). A large increase in cellulase activity of both bands was observed
between 24 and 36 h, a time when abscission in the coleus explants had reached 80%.

4.4 Discussion

Our results suggest that the active form of cellulase in the abscission zones of coleus
is different from that in beans [Reid and Strong, 1974].

In coleus, the cellulase

associated with abscission was extracted by simple phosphate buffer, but in bean the
cellulase associated with abscission was extracted only by phosphate buffer fortified with
NaCl [Reid and Strong, 1974]. The pi of the active form of cellulase in bean has
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a-Cellulose Activity (Unit/AZ)
Figure 4.3. Cellulase activity during petiole abscission of coleus. Petiole explants from
coleus were placed in the dark. Abscission of petioles and activity of cellulase (unit per
abscission zone) in abscission zone cells were measured at times indicated.
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Figure 4.4. Effects of IAA and ethylene on cellulase activity and petiole abscission of
coleus. Petiole explants were treated with 0 (air) or 10 /ill'1 ethylene for 12 h; or 50
/xl of 0 (plain lanolin) or 1 mM IAA in lanolin for 48 h. Abscission of petioles and
activity of cellulase (unit per abscission zone) in abscission zone cells were measured.
Data shown are means (±S.D.) of three independent experiments, each with 3
replications.
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1

2

3

4

5

6

◄ band 1
< band 2

Figure 4.5. Coleus cellulase on native PAGE. Cellulase was extracted from abscission
zones after incubation of explants in the dark for 0, 12, 24, 36, 48 and 60 h (lane 1
through lane 6). Enzymes were separated in an uncontinuous gel (7.5% separating gel
containing 1.25% CMC) at 40 mA for 3 h. Activity bands were negatively stained by
2% KI and 0.2% I2 in an acidic solution.
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been demonstrated to be basic (pi 9.5) [Reid and Strong, 1974; Lewis et al., 1982]; the
pi of the active cellulase in coleus abscission zones is acidic (pi 4.7). The extract from
the coleus abscission zones contained no cellulase with a pi comparable to the basic form
reported in bean [Reid and Strong, 1974].
Although the pi of the cellulase extracted from the abscission zones of coleus (pi
4.7) is close to the nonabscising cellulase observed in bean (pi 4.5), any relationship
between these two forms of cellulase is not obvious. The activity of the pi 4.7 cellulase
in coleus was inhibited by auxin and promoted by ethylene; the activity of pi 4.5
cellulase in bean is promoted by auxin and unaffected by ethylene [Ridge and Osborne,
1969].
The differences in pi and buffer extraction characteristics of the cellulase associated
with abscission in coleus and bean suggest differences in electrochemical properties
between the 2 cellulases. Lewis and Koehler [1979] indicated that the pi 9.5 cellulase
is either associated with cell wall in vivo or becomes ionically bonded with cell debris
during homogenization due to an electrical attraction between the enzyme and cell wall.
In contrast, the acidic form of cellulase forms no such association with cell walls.
Multiple forms of cellulase are common in plants [Horton and Osborne, 1967;
Campillo et al., 1988; Kanellis and Kalaitzis, 1992]. An early study on cellulase in the
abscission zones of orange fruit indicated as many as 7 isozymes after treatment of
abscission zones with ethylene or 2,4-D [Goren and Huberman, 1976b]. More recently,
Kanellis and Kalaitzis [1992], using native IEF gel to separate isozymes, noted that
avocado cellulase occurs in at least 11 active forms. The heterogeneity of the 2 distinct
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cellulase isozymes observed in our study is presumably due to differences in size of the
protein since only one pi was noted in IEF. Both isozymes seem associated with the
abscission process although band 1 appears more closely involved in the early weakening
of the tissue.

The presence of 2 cellulase isozymes in coleus could be caused by

existence of a gene family or by post-translational modification of the protein or as
suggested in avocado [Kanellis and Kalaitzis, 1992].
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CHAPTER 5

PURIFICATION AND CHARACTERIZATION OF CELLULASE
FROM LEAF ABSCISSION ZONES OF COLEUS

5,1 Introduction

Cellulase, which is widely present in bacteria, fungi, and higher plant cells, catalyses
the hydrolysis of cellulose [Ladisch et al., 1983]. Numerous forms of the enzyme with
different functions have been

identified and associated with processes such as cell

growth [Ridge and Osborne, 1969], fruit ripening [Huberman and Goren, 1979; Kanellis
and Kalaitzis, 1992], and abscission [Abeles, 1969; Reid et al, 1974; Goren and
Huberman, 1976a].
Abscission requires cell separation at the junction between the abscising organ and
the plant.

Cellulase is considered necessary to breakdown the major constituent of

primary cell wall, cellulose, decreasing the physical connection between cells and
allowing the tissue to fracture [Sexton and Robert, 1982]. In addition, some researchers
have argued that cellulase may be associated directly with development of the tissue
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protection layer forming callus over the expanded basal abscised tissue [Ratner et al.,
1969; Hanisch ten Cate et al., 1975]. In either circumstance, an increase in enzyme
activity in the abscission zone is generally observed as break strength decreases [Sexton
and Roberts, 1982].
At least two forms of cellulase, with pi at 9.5 and 4.5, have been observed in
abscission zones of kidney bean (Phaseolus vulgaris L.). Abscission, however, has been
related closely with only the pi 9.5 cellulase [Reid et al., 1974].

This form of the

enzyme has been purified successfully using cellulose affinity chromatography [Koehler
et al., 1981], but attempts to purify pi 4.5 cellulase by the same method have failed
because the enzyme appears to interact irreversibly with the cellulase matrix [Durbin and
Lewis, 1988].
Previous reports from our laboratory indicated that the cellulase in abscission zones
of coleus is an acidic protein with pi 4.7 [Mao et al., 1990]. The de novo synthesis of
this pi 4.7 cellulase has been associated with abscission. Compared with basic cellulase,
however, our knowledge of acidic cellulase is very limited because of the difficulty in
purification of the acidic cellulase.
This study reports on the partial purification of the abscission cellulase in coleus (pi
4.7). The pH and temperature optima and substrate specificity also were examined.
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5.2 Materials and Methods

5.2.1 Plant material
Explants from coleus (Coleus blumei Benth cv. Ball 2719 Red) plants growing in a
greenhouse were used in this study.

The explants, made as described in chapter 4,

included 1-cm petiole tissue and 0.5-cm stem tissue above and below the abscission zone.
Abscission was induced by placing the explants in the dark at room temperature (25 °C)
and exposed to 10 /xH1 ethylene for 12 h. Abscission zones, defined as the 0.5-mm of
tissue from each side of the separation layer, were isolated from the abscising tissue and
stored at -20 °C until extraction.

5.2.2 Extraction and purification of cellulase
General. Extraction and purification were done in a 4 °C cold room to prevent loss
of enzyme activity. Each column for chromatography was equilibrated with 20 mM
sodium phosphate buffer (pH 6.1) before use. Cellulase activity and absorbance at 280
nm (A280nm) were monitored throughout each separation process.

Cellulase activity

and protein content were determined each time prior to loading pooled fractions to the
next column.
Crude extract and (NH4)fS04 fractionation. Frozen abscission zones were ground in
an ice-chilled mortar and extracted with 20 mM sodium phosphate buffer, pH 6.1, at a
ratio of 1 ml buffer per 100 abscission zones. The homogenates were transferred to a
45-ml centrifuge tube and placed on ice for 30 min to precipitate proteins before
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centrifuging at 15,000 x g for 20 min. The resulting pellets were re-extracted using the
same buffer, and the supernatants from the two centrifugations were combined. Solid
(NH4)2S04 was added slowly to 20% of saturation, and the precipitates were pelleted at
12,000 x g for 15 min. The supernatant was saved, solid (NH^SC^ was added to 65%
of saturation, and centrifugated at 12,000 g for 15 min. The precipitates were collected.
Gel filtration /. The (NH4)2S04 precipitates (20% - 65%) were suspended in a small
amount of the phosphate buffer and loaded on a 1 x 20 cm column of Sepharose CL-4B
(Sigma Chemical Co., St. Louis, MO). The column was washed with the same buffer
at a flow rate of 0.7 mimin'1, and 20 fractions, 5 ml each, were collected.
DEAE Sepharose chromatography. The fractions containing cellulase activity from
Sepharose CL-4B column were pooled (total of 15 ml) and loaded onto a column of
DEAE Sepharose CL-6B (Sigma Chemical Co.).

The column was washed with the

phosphate buffer plus 0.1 M NaCl and 20 fractions were collected (5 ml each).
DEAE cellulose.

A pooled fraction containing enzyme activity from the DEAE

Sepharose CL-6B separation (total of 20 ml) was concentrated to 2 ml in an Amicon
ultrafiltration device using 43mm Diaflo YM5 membrane (Amicon Div., W.R. Grace &
Co.) at 55 psi.

The concentrated enzyme was then loaded on a 1 x 10-cm DEAE

cellulose column and washed extensively with phosphate buffer until the absorption at
280 nm returned to base line. Cellulase was eluted by washing the column with 0 to 1.2
M linear gradient of NaCl using a flow rate of 1 mimin'1. A total of 30 fractions, 2.5
ml each, were collected.
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Gel filtration II. Fractions containing enzyme activity were pooled, concentrated, and
separated on a new Sepharose CL-4B column. Running conditions were the same as
indicated above except that 30 fractions, 2 ml each, were collected.

The fractions

containing cellulase activity were pooled, concentrated, and stored at -20 °C until used
in characterization.

5.2.3 Protein Determination
Protein content was measured with protein assay kit (Bio-Rad Laboratories,
Richmond, CA). Bovine serum albumin was used as standard.

5.2.4 Electrophoretic methods
SDS-PAGE. The purity of purified protein was analyzed using one-dimensional SDSPAGE (12.5% acrylamide) as described by Smith [1981], followed by silver staining
[Henkeshoren and Demick, 1985].

The molecular weights of purified enzyme were

estimated by comparing with standard molecular markers.
Native PAGE.

Cellulase activity was visualized in native PAGE gel using the

procedure developed by Goren and Huberman [1976b] as described before.

5.2.5 Determination of optimum conditions for cellulase
Optimum pH. The effect of pH on cellulase activity was determined by adding the
enzyme to carboxylmethylcellulose (CMC) solutions of 20 mM phosphate buffer at pH
2 to pH 9.5 with an interval of 0.5 pH units. The enzymatic reaction was allowed to
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proceed at 37 °C for 15 min. At the end of the reaction, the activity of the cellulase was
measured as described in chapter 4, and the pH of each mixture was checked for use as
the reaction pH.
Optimum temperature. Cellulase activity was determined at 4, 18, 28, 40, 45, 50,
55,

and

60

°C.

CMC

phosphate buffer (described

above)

solution

was

thermoequilibrated at each temperatures for 5 min just prior to the addition of cellulase
extract. Enzymatic reactions were stopped after 15 min by heating the mixture to 100
°C for 5 minutes. After cooling to room temperature (25 °C), the viscosity in each
mixture was determined. The initial viscosity was obtained by mixing enzyme extract
and CMC substrate in room temperature and assaying the viscosity immediately.

5.2.6 Test of substrate specificity
CMC (7HF, Hercules Inc.), cellulose powder (CF-11, Whatman Biosystems Ltd) and
filter paper (Whatman No. 1) were used as substrates to determine the substrate
specificity of cellulase. Purified cellulase was added at final concentration of 0.4 pgml1
to 10 mgml'1 of substrate.

Reactions were allowed to proceed at 40 °C for 3 h and

stopped by heating the mixture to 100 °C. After cooling to room temperature, cellulase
activity was determined by subjecting a 400 p\ portion of reaction sample to enzymatic
sugar analysis. The samples were treated with 3 units of hexokinase (ATP: D-hexose 6phosphotransferase, EC 1.1.1.49) and 0.5 unit of glucose-6-phosphate dehydrogenase (Dglucose-6-phosphate: NADP+ 1-oxidoreductase, EC 1.1.1.49) and subsequently with 1
unit of B-glucosidase (B-D-glucoside glucohydrolase, EC 3.2.1.21) in the presence of
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NADP and ATP. The levels of glucose and cellobiose formed would be related, to the
corresponding enzymatic reactions according to the stoichiometry of one molecule
NADPH produced from one molecule of hexose being oxidized.

The quantity of

NADPH produced was calculated from the increase in absorbance at 340 nm using the
extinction coefficient E=6.22 [Mao and Craker, 1990].

5.3 Results

5.3.1 Purification of cellulase
Cellulase from leaf abscission zones of coleus was purified 130 fold with a series
of fractionation and chromatographic methods (Table 5.1). The purified cellulase had
a specific activity of 850 units per fig protein.
The first step in the procedure, gel filtration with Sepharose CL-4B, resulted in only
a 2.52-fold purification, yet, was effective in eliminating proteins with high molecular
mass (Figure 5.1). This purification step also resulted in the desalted protein solution
required for the next column. Ion exchange with DEAE sepharose CL-6B increased
purification to 3.35-fold. Cellulase was eluted easily with 0.1 M NaCl from this column.
The most efficient step in purification was ion exchange-affinity chromatography with
DEAE cellulose column. Most proteins were removed by a NaCl gradient from 0 to 0.5
M, cellulase was eluted by 0.7 to 0.9 M NaCl (Figure 5.2), yielding 48-fold in
purification. After separation on the DEAE cellulose column, several distinct protein
bands were observed when the cellulase fraction was subjected to electrophoresis on SDS
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gel as compared with smeared protein bands throughout the whole gel when the crude
extract was subjected to electrophoresis under the same conditions (Figure 3; lane 1 and
2) .

Further purification with a second sepharose CL-6B removed the remaining,

unwanted proteins and resulted in 130-fold purification (Table 5.1).

5.3.2 Molecular weight of coleus cellulase
The estimated molecular weights of the 2 major protein bands observed in SDS
gel electrophoresis of partial purified cellulase were 56kD and 62kD (Figure 5.3; lane
3) . Activity staining of native PAGE gel for purified protein also produced 2 bands
corresponding to the 2 protein bands in SDS-PAGE.

5.3.3 Optimum pH and optimum temperature for coleus cellulase
Testing for pH dependence of cellulase activity produced 2 area of activities
(Figure 5.4), one sharp peak at about pH 5 with maximum activity of almost 60 units per
abscission zone and one broad peak at about pH 7.2 with highest activity of 40 units per
abscission zone.

The pH used in standard assay procedure (pH 6.1) had the lowest

activity between the 2 peaks, accounting for only 45% of the activity at the optimum pH
(pH 5). Cellulase activity was minimal when the reaction pH was lower than 4 or higher
than 9.
Cellulase activity increased with increase in reaction temperature (Figure 5.5). The
optimum temperature was about 50 °C, where about 90 units of activity per abscission
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Table 5.1. Steps in purification of cellulase from 2000 abscission zones of coleus.
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• Cellulose Activity (x 100 unit/ml)

Figure 5.1. Cellulase activity profile of Sepharose CL-4B fractions.
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Figure 5.2. Cellulase activity profile of DEAE cellulose fractions eluted with 0 to 1.2
M NaCl.
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Figure 5.3. A: Silver-stained SDS-PAGE. B: Cellulase activity- stained native PAGE.
Lane 1 and lane 4: crude extract; lane 2: pooled DEAE cellulose fractions 28-32 (refer
to Figure 5.2); lane 3 and 5: purified cellulase. Molecular weight standards (BioRad):
hen egg white lysozyme (14.4KD); soybean trypsin inhibitor (21.5KD); bovine carbonic
anhydrase (31IGD); hen egg white ovalbumin (45KD); bovine serum albumin (66.2KD);
rabbit muscle phophorylase b (97.4KD).

80

Cellulose Activity (unit /AZ)

pH

Figure 5.4. The pH profile of cellulase activity (AZ = abscission zone).
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Figure 5.5. The temperature profile of cellulase activity (AZ = abscission zone).
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zone was detected at pH 6.1. The enzyme denatured and lost activity, however, rapidly
above 50 °C.

5.3.4 Substrate specificity
As determined by production of glucose and cellobiose, substrate specificity of the
cellulase was very restrictive (Table 5.2). Among the 3 substrates tested, only CMC
could be hydrolyzed to final products by purified cellulase. Crystalline cellulose, such
as insoluble cellulose powder and filter paper were not sensitive to cellulase based on our
results or at least could not be hydrolyzed to final products without participation of other
cellulolytic enzymes.

Table 5.2. Substrate specificity of purified cellulase of coleus.

Products

Glucose

Substrate

cellobiose

(jimolmY1)
CMC
Cellulose powder
Whatman No. 1 Filter Paper

10.85
0
0

3.63
0
0

Cellulase was mixed, for a final concentration of 0.4 jigml"1, with 10 mgml1
substrates. After incubation of mixture at 40 °C for 3 h, the reaction was stopped by
heating the mixture at 100 °C for 5 min. Mixture was then cooled down to 25 °C and
amount of glucose and cellobiose produced in the mixture were determined by enzymatic
analysis.
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5.4 Discussion

5.4.1 Purification of cellulase from coleus
Plant cellulases have been purified from avocado ripening fruits [Awad and
Lewis, 1980], Lathy ms anthers [Sexton et al., 1990], tobacco callus [Truelsen and
Wyndaele, 1991], and leaf abscission zones of kidney bean [Koehler et al., 1981].
Purification of these cellulases used affinity chromatography with a cellulose column,
which retained most cellulase in simple buffer and released it in salted ligand (cellobiose)
buffer. Applying the same method to purification of pi 4.5 cellulase of beans, however,
results in irreversible interaction of the enzyme and the column matrix, and cellulase
cannot be eluted from the column [Durbin and Lewis, 1988]. Our primary attempts to
purify cellulase of coleus using affinity chromatography [Scopes, 1982] resulted in more
than 80% of cellulase activity being retained in CF-11 cellulose column with pH 5.0
phosphate buffer. Yet, no activity could be recovered from this column although various
elution media, including 2 M NaCl, 0.5 M cellobiose, prewashed with glycols, were
tried.
In the present paper the purification of coleus cellulase with molecular sieve, anion
exchange plus affinity chromatography has been described. The use of Sepharose CL4B was very effective, especially in final step.

The use of gel filtration following

ammonium sulfate precipitation and elution of cellulase from DEAE cellulose column
resulted in elimination of salt from the protein solution without dialysis through a
cellulose membrane, which could have caused loss of enzyme activity. The purification
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of cellulase on DEAE Sepharose CL-6B was low, but this step excluded the extreme
acidic proteins, which theoretically would have been eluted with cellulase by the high salt
concentration in the DEAE cellulose column.

Among the columns tested, DEAE

cellulose, which works by both anion exchange and affinity separation, accounted for
most of the increase in purification.
The purified cellulase consists of two bands in SDS gel and native activity gel.
Previous data indicated only one cellulase activity peak in isoelectric focusing.

The

current results suggest that the 2 cellulase bands in gels are more likely two isozymes
rather than two subunits of one enzyme, an interpretation supported by the determination
that the molecular mass of purified cellulase on a gel chromatography (60kD, data not
shown) was roughly the same as that determined by SDS-PAGE (56kD and 62kD). The
similarity of molecular weight determined by the two methods also suggests a monomeric
structure for both cellulase isozymes.

5.4.2 Some Characteristics of coleus cellulase
The two isozymes have the same pis and similar molecular weights and were
copurified by our procedure.

Copurification of isozymes also has been reported with

cellulase from anthers of Lathy ms [Sexton et al., 1990] and with cellulase from tobacco
callus [Awad and Lewis, 1980].
The two peaks of cellulase activity noted at different pHs may imply a different
optimum pH for activity of the 2 isozymes. The narrow peak at pH 5 was similar to that
reported for cellulase from bacteria [Ozaki and Ito, 1991; Gomes et al., 1989]. The
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optimum temperature for cellulase extracted from the coleus (50 °C) is similar to the
temperature optimum noted in bacteria [Gomes et al., 1989; Wachinger et al., 1989].
The temperature for maximum activity, however, was considerably higher than would
prevail normally in abscission zone cells, indicating that the enzyme functions in vivo
below the optimum temperature.
Durbin and Lewis [1988] reported that purified pi 9.5 cellulase in bean had no
activity towards pectin, xyloglucan, laminarin, xylan, or 6-1,3 or a-1,4 glucan but
reported that reducing sugar was observed in cellulase elution from a cellulose column,
suggesting the hydrolysis of cellulose [Durbin and Lewis, 1988].

Although coleus

cellulase also had an affinity for a cellulose column, no glucose or cellobiose were
detected in the eluent or in a solution where the cellulase was mixed with insoluble
cellulose. Since the enzyme does not readily degrade crystalline cellulose, the enzyme
probably would be more appropriately termed an CMCase.
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APPENDIX
POSSIBLE MECHANISM OF ACTION IN LIGHT
CONTROL OF LEAF ABSCISSION

Abstract
Previous research with coleus demonstrated that red light promoted auxin
synthesis in leaf blades and that auxin was transported to the abscission zone. Red light
inhibited abscission compared with dark or far-red light treatment. Recent data show that
the red light effect on abscission is rapid. With leaf explants treated with dark or far-red
light for 1 or 2 days then treated with red light for another 3 or 2 days for a total 4-day
light treatments, the breakstrength in explant with 1-day dark or far-red light plus 3-day
red light was approximately equal to the breakstrength in explant with 1-day dark or farred light. The similar results were obtained with treatment of 2-day dark or far-red light
plus 2-day red light. When the abscission is fully induced by dark or far-red light (3
days), additional red light failed to stop the abscission. A RNA synthesis inhibitor, 50
/tg/ml actinomycin D, infiltrated into the leaf blade, had no effect on abscission whereas
infiltration of 30 ^g/ml cycloheximide to the leaf tissue significantly promoted abscission
in red or in far-red light, suggesting that the light-induced auxin synthesis in leaf tissue
might not involve de now mRNA synthesis though protein synthesis is necessary.
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Introduction
Previous studies on light control of leaf abscission have demonstrated that
abscission is inhibited by red light and promoted by far-red light compared with
abscission with dark conditions [Decoteau and Craker, 1984].

Continuous red light

apparently promotes the synthesis of an endogenous abscission inhibitor, IAA, in leaf
blade tissue. The IAA is available for transport to its site of action in the abscission zone
[Decoteau and Craker, 1984; Mao et al., 1989]. Thus, auxin production in the leaf
blade is one of the crucial regulating points for light effects on leaf abscission.
IAA biosynthesis from tryptophan generally is believed to occur via a series of
enzymatic aminotransfer and decarboxylation reactions [Cohen and Bialek, 1984],
although microbial and nonenzymatic [Epstein et al., 1980] pathways also have been
reported. Increased conversion of 14C-tryptophan to IAA in leaf tissue treated with red
light compared with tissue in the dark has been demonstrated [Mao et al., 1989].
Although light control of expression in plastid, phytochrome, and photosynthesisassociated nuclear genes is well documented [Simpson and Herrera-Estrella, 1990], the
mechanism for light control of IAA synthesis has not been illustrated.
This research evaluated a possible mechanism by which light could regulate IAA
synthesis in leaf tissue and thereby control abscission.

Materials and Methods
Coleus plants (Coleus blumei Benth c.v. Ball 2179) grown in a greenhouse as
described in chapter 3 were used in these experiments. Cuttings were made from leaf
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and stem tissue of the third or fourth node subapical to the stem tip and consisted of two
opposite leaves (trimmed to 1 cm2) with approximately 0.5 cm of stem above and 1 cm
of stem below the node. Light treatments were 600 mWm2 and 700 mWm 2 for red and
far-red light, respectively. Temperature was maintained at 28 ± 2°C. Abscission was
measured as breakstrength and expressed as a percent of the initial breakstrength [Mao
et al., 1989]. The coleus explants were treated with dark or far-red light for 1, 2, or 3
days followed by red light treatment for 3, 2, or 1 day, respectively, for a total treatment
period of 4 days. The breakstrength was measured as previously described by Craker
and Abeles [1969] using a recording abscisor.
The necessity of RNA and protein synthesis in light control of auxin production
was evaluated by vacuum infiltrating an RNA synthesis inhibitor, Actinomycin D (50
fig/ml), and the protein synthesis inhibitor, cycloheximide (30 ^cg/ml), into the leaf
tissue.

Infiltration of inhibitors was controlled carefully so that only leaf blade was

treated. The explants were then placed in red or far-red light and the breakstrength was
measured after 4 days of exposure to light.

Results and Discussion
The inhibition of abscission by red light compared with abscission in dark or farred light (Figure I) is consistent with previous reports [Decoteau and Craker, 1984; Mao
et al., 1989].

In addition, red light prevented further loss of breakstrength in the

abscission zones of leaves early in the abscission process, suggesting that the red light
effect on abscission is a relatively fast reaction. The de novo synthesis of enzymes for
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Time (days)

Figure I. Effect of light on leaf abscission in coleus. Cuttings were placed in the dark
(A) or far-red light (B) for 0, 1, 2, or 3 days and then transferred to red light for 4, 3,
2, or 1 day, respectively, for a total treatment period of 4 days. The breakstrength was
measured at the times indicated by data points.
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IAA production via the whole pathway of DNA-mRNA-protein would seem improbable
under these conditions. If dark or far-red light treatments were continuous for 3 or more
days, subsequent treatment with red light did not prevent further loss of breakstrength.
Indeed, red light appeared to accelerate abscission if application was delayed beyond the
3-day limit. These results are consistent with the ways in which cells at different stages
of the abscission process respond to auxin treatment. As the cell enters into stage II,
auxin treatment will promote abscission [Rubinstein and Leopold, 1964].
Infiltration of a RNA synthesis inhibitor (Actinomycin D) into the leaf tissue had
no significant influence on leaf abscission under either red or far-red light (Table I),
supporting the concept that no RNA synthesis was necessary for auxin production in leaf
tissue. Other RNA synthesis inhibitors were applied (Rifampicin, Ethidium Bromide),

Table I. Effect of Actinomycin D and cycloheximide on leaf abscission of Coleus.

Light

Treatment

Red

Far-red

Breakstrength (% of initial)1
Control
50 /xg/ml Actinomycin D
30 /xg/ml cycloheximide

107a
90a
21b

41a
46a
0b

1 Means under the same light treatment followed by the same letter are not significantly
different at the 0.05 probability level by LSD.
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giving results similar to the Actinomycin D treatment (data not shown). Infiltration of
cycloheximide, however, promoted leaf abscission under red or far-red light. The data
suggest that protein synthesis in leaf tissue is essential for the production of the
abscission inhibitor, IAA.
Although a number of studies [Link, 1982; OelmUller, and Mohr, 1986; Schmidt
et al.y 1987; Silverthome and Tobin, 1984; Simpson et al., 1986] have indicated that
light regulates gene expression by activating or promoting transcription. This study on
the light control of auxin production and leaf abscission indicated that transcription of
RNA was not a regulating site. Translational control of enzymes for IAA synthesis in
leaf tissue might be the mechanism by which abscission can be regulated by light.
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